The goal of this study was to develop a nondestructive radial compression technique and to investigate the viscoelastic behavior of the rat tail disc under repeated radial compression. Rat tail intervertebral disc underwent radial compression relaxation testing and creep testing using a custom-made gravitational creep machine. The axisymmetric viscoelasticity and time-dependent recovery were determined. Different levels of hydration (with or without normal saline spray) were supplied to evaluate the effect of changes in viscoelastic properties. Viscoelasticity was found to be axisymmetric in rat-tail intervertebral discs at four equidistant locations. Complete relaxation recovery was found to take 20 min, whereas creep recovery required 25 min. Hydration was required for obtaining viscoelastic axisymmetry and complete viscoelastic recovery.
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In the fields of biomechanics and biology, the rat tail intervertebral disc is a commonly used experimental model of intervertebral discs MacLean et al., 2003; Rousseau et al., 2007) . This is because of rat tail discs being more available than human cadaver specimens, the assumed homogeneity of rat tail intervertebral discs, and the absence of a posterior column structure in rat tails, which enables the researcher to isolate disc behavior under load. The human annulus fibrosus (AF) exhibits spatial variations in structure and composition that give rise to both anisotropy and nonhomogeneity under tension (Elliott & Setton, 2001; . Varying degrees of tissue degeneration in collected specimens also increase the heterogeneity, which limits study designs. In one of many recent works using rat-tail intervertebral discs, Iatridis et al. (1999) concluded that applying compressive forces caused changes in mechanical properties and composition of rat-tail discs. MacLean et al. (2005) in his study determined the time-dependent response of the intervertebral disc cells to in vivo dynamic compression. However, the intrinsic material properties of rat tail discs such as homogeneity, time dependent recovery, and differences in mechanical behavior with varying levels of hydration have not been thoroughly documented in the literature.
In many situations it is of value to conduct repeated or sequential experiments on the same specimen to avoid interspecimen variability in a study. However, the properties of biological tissues are history and time dependent, which can confound data interpretation in these types of studies. These time-dependent changes can sometimes by partially or completely recovered with additional time. For example, Johannessen et al. (2004) concluded that cyclic loading caused a decrease in total relaxation of the intervertebral disc that returned to initial levels after recovery.
Hydration is an important factor when evaluating viscoelastic behavior. Water content had been shown to significantly affect biomechanical behavior. The disc is not surrounded by fluid like a fluid bath, but rather with One of the objectives of this study was to determine the axisymmetry and recovery time of the rat tail intervertebral disc in compressive creep and relaxation. The other was to evaluate the effect of the hydration level in the above-mentioned viscoelastic properties.
Methods
A total of 61 6-month-old Sprague-Dawley rat tails (the dead rat had been previously used for another experiment and had been set aside for disposal) were obtained for the test. There were three segments used from each tail, caudal levels 6/7, 8/9, and 10/11. Great care was taken to protect the integrity of the rat tail disc. Surrounding soft tissues were removed with surgical instruments so that only bony vertebrae and intervertebral disc tissue remained. There was a total of 178 motion segments included in the test (5 out of 183 motion segments were damaged during preparation). A digital caliper (Mitutoyo, sensitivity 0.01 mm) was used to measure maximum disc diameter and width in the anteroposterior and lateral directions. To evaluate axisymmetric viscoelasticity, relaxation (n = 8) and creep (n = 16) experiments were performed at four equidistant locations (90 deg apart on the transverse mid-disc plane), sequentially on each disc specimen as shown in Figure 1 . The specimens were sprayed periodically with a normal saline mist. To assess time-dependent recovery behavior, the specimens were compressed in an outerto-inner radial direction twice in the exact same location with varying recovery times between indentations (for relaxation: 2.5, 5, 10, 15, and 20 min with 7 specimens in each group, total n = 35; for creep: 2.5, 5, 10, 15, 20, and 25 min with 7 specimens in each group, total n = 42). To assess the effect of hydration on recovery and creep, respectively, we performed another set of tests without saline spray and with varying recovery times (for relaxation: 2.5, 5, 10, 15, and 20 min with 7 specimens in each group, total n = 35; for creep: 2.5, 5, 10, 15, 20, and 25 min with 7 specimens in each group, total n = 42). The group was compared with the previous tests performed with application of periodic saline spray.
Radial Compression Test
For the small scale of the specimen and the limitations of available testing equipment, it was necessary to develop two separate nondestructive radial compression test methods to quantify creep and relaxation behavior. Radial compression relaxation tests were conducted using a 0.6-mm hemispherical indenter applied to midpoints of the disc between the adjacent vertebrae. The load generated by an MTS 858 materials testing system (Eden Prairie, MN) was measured using a 25-N load cell. Displacement was fixed for 120 s after a 0.6-N (1.0 MPa) initial load was applied (with average displacement at 0.586 ± 0.012 mm). The computer data acquisition rate was set at 20 Hz.
A new instrument for gravitational compression creep loading was developed (Figures 2-5) to eliminate other hydrated tissues and blood vessels that maintain its physiological hydration content. The fascia, ligaments, and soft tissue around the disc are moist, providing coverage and protecting the hydration of the disc. When conducting an in vitro experiment, because the disc no longer has physiological maintenance of hydration, maintaining a well-hydrated environment is essential for preservation of tissue material properties. Studies in the literature have used different methods of hydration control, such as a humidified air chamber (Goel et al., 1986; Panjabi et al., 1976) , wrapping with saline-moistened paper towels (Adams et al., 1980; Brinckmann et al., 1983) , and repeated saline spraying (Klein et al., 1983; Krag et al., 1987) . Pflaster et al. (1997) concluded that the specimen's exposure to saline spray with plastic film wrap does not result in a hydration change, whereas exposure to a saline bath results in substantial swelling, which can either be reversed or prevented by axial compression in the physiologic range. In this study, we chose periodically spraying the rat-tail disc specimen with normal saline as a method of keeping the specimen in a hydrated condition. closed upon initial contact between the indenter and the disc specimen (Figure 4) . The electric circuit was set to high resistance (18 k) when the specimen was not in contact. The resistance of the specimen (average 9 k) was in parallel with a 15-k resistor such that during specimen contact a lower resistance (8.625 k) was created, which activated an LED light. Upon initial contact, the gravitational load was applied and the circuit was opened such that the specimen experienced the applied current (578 µA) for a total of approximately 3 s per loading event. No discoloration or other visible signs of disc damage were detected. A linear variable differential transformer with a sensitivity of 1961.6 mV/mm (RDP Electrosense, Pottstown, PA, USA) gathered deformation data during the creep test with a sampling frequency of 100 Hz.
While preparing to conduct these experiments, it was determined that incorrect fixation of the specimen could result in unknown off-axis force generation in the tissue, obscuring tissue axisymmetry. A small transverse fixation force (10 g) applied to the adjacent vertebrae was necessary to keep the specimen immobile during loading and to achieve consistent and repeatable creep test results. In addition, a fixator was developed that used an adjustable anvil to centrally support the specimen, with the intention to reduce off-axis loading, resulting in uniform radial compression across the specimen during the relaxation test (Figure 6 ).
For the recovery experiments, to ensure that repeated compressions were at the same location, the vertebral bodies were fixed using Bondo adhesive to a V-shaped aluminum insert that fit into the V-shaped channel of the support platform. Additional elastic bands were applied to prevent movement of the aluminum insert. The specimen was kept moist with saline spray every 5 min between the tests.
Data Analysis
The relaxation was analyzed using a relaxation ratio (RR), which was defined by the following equation:
where F 0 is the initial compression force and F(t) is the force data gathered by the load cell over time. For creep analysis, the immediate deformation and the time-dependent viscoelastic creep (additional deformation following the initial elastic response) were quantified separately. There was a small elastic bounce of the indenter after initial loading which was designated to be the beginning of the creep period.
Relaxation and creep data were evaluated for homogeneity using ANOVA. Lieber's equation was used to determine statistical power (Lieber, 1990) . For viscoelastic recovery the difference between the baseline property and the later, postrecovery creep or relaxation was analyzed. the servo-hydraulic noise generated in preliminary microload controlled experiments with the MTS system. A 60-g indenter generated a constant loading force of 0.6 N for 180 s. To accurately determine the beginning of deformation, a low-current electrical circuit was original state after 20 min of recovery time (Figure 8 ). The creep recovery in the group without hydration maintenance demonstrated that hydration was necessary for creep recovery from the previous test (Figure 9 ). There was incomplete recovery of creep behavior without hydration maintenance.
Discussion
Radial compression techniques were developed that enabled the characterization of viscoelastic creep and relaxation properties of rat tail intervertebral discs. Certainly, the intervertebral disc of the rat or any other mammal is not homogenous in structure; however, axisymmetric viscoelasticity was demonstrated at four equidistant locations in the transverse midplane region of the discs. In contrast, anisotropy and heterogeneity are commonly observed in the material properties of human cadaver intervertebral discs (Elliott & Setton, 2001; Smith & Fazzalari, 2006) . Consistent with this behavior, human cadaver discs exhibit spatial variations in the structure and composition of the annulus fibrosus. This behavior limits the design of experiments that require repeated measurements of disc tissue mechanical properties, for example, to assess the effects of an applied treatment or degradative factor.
Conversely, in this study we determined that the rat tail intervertebral disc is effectively axisymmetric with regard to viscous relaxation and creep. Consequently, repeated measurements can be made at different locations on the specimen without incurring large spatial variations in these material properties. This observed viscoelastic homogeneity may be limited to the transverse midplane region of the disc.
These results also clarified the time required to recover from a previous compression test. In well-hydrated specimens, the discs required 20 min for repeated stress relaxation measurement and 25 min for repeated creep measurement. This information is crucial in the design of experiments to evaluate a change in material characteristics through repeated measurements, without destroying the specimen. Until the corresponding tests are conducted in human tissue, it would be inappropriate to assume that the recovery rates measured in these experiments would be comparable to those in human disc tissue.
Hydration is always an important consideration in soft-tissue testing. This study demonstrated that maintaining hydration is required for maintaining axisymmetric behavior and for complete viscoelastic recovery. A dehydration effect was seen after 15 min in specimens that were not periodically sprayed with saline during the recovery period. Spraying the specimen with a saline mist demonstrated an effective maintenance of hydration in both the homogeneity and recovery tests. The discs required more time for creep recovery than for relaxation recovery. Likewise, creep recovery was more dependent on maintaining hydration than was relaxation recovery.
Results
Mean disc diameter was 3.12 ± 0.53 mm (average of anteroposterior width and lateral width). This was less than the maximum diameters of the vertebrae (4.47 ± 0.62 mm). Average intervertebral space (disc height) was 1.81 ± 0.32 mm.
There was no statistically significant intradiscal regional difference in relaxation, with p = .99, power = 99.9% (15% of mean representing a meaningful difference). The mean relaxation ratio was 79.8% with a mean normalized standard deviation of 1.4%. In contrast, the interdiscal variation was highly significant (p < .0001). Mean creep was 0.41 mm (24% of mean disc radius). The creep data showed more variation, with a mean normalized standard deviation of 3%. There was no statistically significant intradiscal (location-dependent) effect, with p = .827, power = 85% (20% of the mean was defined as our meaningful difference in this compression test owing to the larger variability in this measure). Again, interdiscal variation in creep measurements was highly significant (p < .0001).
Complete relaxation recovery was found to take 20 min, whereas creep recovery required 25 min when compared with the mean difference between initial and postrecovery relaxation ratio, which defined as mean relaxation difference (MRD) and creep, which defined as mean creep difference (MCD) as a function of recovery time (Figure 7) . At 20 min into recovery, the MRD was 1.06  10 −4 %. After 25 min of recovery, the MCD was 2.8  10 −3 mm.
With regard to the hydration effect on recovery, the maintenance of tissue hydration by periodic saline spraying produced faster and more complete recovery (Figures 8 and 9 ). The relaxation recovery in the group without saline spraying demonstrated less recovery after 15 min of air drying, whereas the group with hydration maintenance continuously recovered and reached near In conclusion, the rat-tail intervertebral discs showed viscoelastic homogeneity at four equidistant locations. The discs needed time for viscoelastic recovery from previous compression tests-at least 20 min for relaxation and 25 min for creep-in well-hydrated specimens. Consequently, repeated measurements can be made at different locations on the specimen without incurring large variations in these material properties. 
